A mathematical model of body-core temperature change in fish was derived by modifying Newton's law of cooling to include an initial time lag in temperature adjustment. This model was tested with data from largemouth bass (Micropterus salmoides) subjected to step changes in ambient temperature and to more complex ambient regimes. Nonlinear least squares was used to fit model parameters k (min-') and L (initial lag time in minutes) to time series temperature data from step-change experiments. Temperature change halftimes (tl/2, in minutes) were calculated from k and L. Significant differences (P < .05) were found in these parameters between warming and cooling conditions and between live and dead fish. Statistically significant regressions were developed relating k and tlt/2 to weight and L to length. Estimates of k and L from the step-change experiments were used with a computer solution of the model to stimulate body temperature response to continuously varying ambient regimes. These simulations explained between 52% and 99% of the variation in core temperature, with absolute errors in prediction ranging between 0 and 0.61 C when ambient temperature was varied over 4 C. 
INTRODUCTION
Quantitative information on the rate of body temperature response to changes in water temperature is also valuable in assessing the ecological effects of thermal discharges on fish populations, since a description of individual response to a sharp thermal gradient can be used to understand the composite population distribution around a discharge. Fish attracted to a thermal plume for short periods of time may be subject only to temporarily unusual predator-prey relations and crowding effects. If they remain in the plume long enough for their body temperatures to rise significantly, physiological changes and alterations in reproductive potentials are possible. A predictive model based on observed rates of heat exchange and temperature change could be used to estimate residence times in a discharge from field data 413 In the particular case where the fish is subjected to a step-function temperature change at time t = 0, say from Ta = To to Ta = T1, equation (4) ) and by angling in a small pond on the grounds of the Oak Ridge National Laboratory. The fish were maintained without food in wellaerated 800-liter tanks at 27 C for at least 2 days prior to testing. The laboratory lighting was turned on at sunrise and switched off at sunset by an outdoor photocell control system. Internal body temperatures were measured by ultrasonic telemetry as described by Coutant (1975) . A temperature-sensitive transmitter was either inserted through the gullet into the stomach or surgically implanted in the coelomic cavity with the thermistor 2 cm posterior to the pericardial cavity. X-ray photography showed that the thermistors of stomach-tagged fish were centrally located in the viscera from both dorsoventral and lateral perspectives. Similar body temperature data were obtained from the stomach-tagged fish and the single surgically tagged fish (fish 1).
During experiments, ultrasonic pulses from the implanted transmitters were received by a submerged hydrophone connected to a Smith-Root Sonic Receiver Type TA60. Pulse frequency was determined by a Hewlett-Packard Electronic Counter Model 5221 B and recorded by a paper tape punch. Ambient water temperature was monitored with a Yellow Springs Instruments telethermometer and recorded by a YSI paper tape recorder. The transmitter pulse data and the telethermometer were calibrated to the same mercury thermometer. Body temperature and water temperature measurements had accuracies of +0.02 and a0.05 C, respectively. Analysis of variance (Helwig and Council 1979) was used to check for differences in k, L, and t1/2 under warming and cooling conditions. Linear and nonlinear regressions were also performed to relate k, L, and tl/2 to the two fish size measurements, length and weight.
Three fish were sacrificed and used immediately in sudden temperature-change Because the value of the parameter k was found to be significantly greater in warming fish than in cooling fish, the solution algorithm for core temperature used two estimates of k, kh and kc. In the course of the numerical solution, kh was used whenever ambient temperature was greater than central body temperature, while kc was used when the reverse was true. A single value of L was used for both warming and cooling since differences in this parameter under the two exchange regimes were much less pronounced.
Model performance was evaluated by calculating the percentage of variance explained and by recording the mean, minimum, maximum, and ninetieth percentile values for the absolute error in predicted body temperature in each simulation.
RESULTS

TEMPERATURE STEP-CHANGE TRIALS
In some of the step-change experiments, final body-core temperature was slightly above ambient; however, in others the final body temperature was below ambient. These deviations from ambient were within the experimental precision of the measuring instruments. The absence of significant core temperature elevation indicates that metabolic activity does not maintain an excess temperature above ambient in largemouth bass of the sizes studied here.
Model (5) gave good fits to the data from the sudden temperature-change tests, explaining at least 97% of the variance in body temperature in each test. The model more closely fitted the temperature response than did Newton's law without the time lag, particularly in the pre-exponential portion; however, the model still tended to enter the exponential phase of temperature change slightly after the observed data ( fig. 1) .
Values of the heat exchange coefficient, k, and initial time lag, L, resulting from fitting model (2) to the sudden temperaturechange data are shown in table 2, along with temperature change halftimes, tl/2, calculated from equation (6). A two-way analysis of variance of the effects of fish used, direction of temperature change (warming or cooling), and the interaction of fish and direction was performed. All three measurements, k, L, and tl/2, differed very significantly (P < .0001) among the tested fish. The effect of the direction of temperature change was highly significant (P < .0001) for the two measurements, k and tl/2, and significant for L at P = .046. There were no significant interaction terms between the temperature direction and fish effects.
These results indicate that the bass exchanged heat faster during warming than during cooling (kh > kc); however, the initial time delay period was longer under warming conditions than under cooling conditions (Lh > Lc). These two effects seem to conflict in that the faster heat exchange rate contributes to more rapid temperature equilibration in warming fish relative to cooling fish, whereas the longer time lag tends to delay temperature adjustment of warming fish relative to cooling fish. However, when the two effects are combined in calculating temperature change halftimes, the differences in heat exchange rate predominate so that warming fish complete one-half of their adjustment to a new temperature significantly sooner than do cooling fish (tl/2h > tl/2c).
The heat exchange coefficient k was closely related to bass weight by a power relationship which explained 77% of the variation in heating k and 83% of the variation in cooling k (see fig. 2 ). The initial time lag L was more closely related to body length than to mass; however, only 57% of the variation each in both heating and cooling L was explained by the exponential relationships shown in figure 3. Seventyfour percent of the variation in temperature change halftime, tl/2, in heating fish and 75% of that variation in cooling fish was explained by the linear model relating tl/2 to weight (illustrated in fig. 4) D. ANDERSON, D. DeANGELIS, AND C. COUTANT the heat exchange coefficient k was less than one-half as fast as that of the live fish. These two differences combined to give the dead fish a thermal exchange halftime approximately four times longer than that of the live fish. Analysis of variance showed that these differences in k, L, and tl/2 between the living and dead fish were all statistically very significant (P < .0001). This indicates that all three parameters are significantly dependent on the convection processes occurring in live fish.
A further difference between the live and dead fish can also be seen in table 3. Although the cooling and warming properties of living fish were statistically different, the dead fish exhibited no significant differences in the measurements k, L, or tl/2 when tests conducted under warming and cooling conditions were compared.
The convection index for fish 13 was calculated as (dead tl/2)/(live t1/2) = 31.24/ 8.67 = 3.60. The reciprocal of this value is 0.278, indicating that conduction through body tissues accounts for about 28% of the heat exchange of the living fish, whereas convection mediated by the circulatory system accounts for the remaining 72%. respectively, of the variation in actual core temperature.
CONTINUOUS TEMPERATURE-CHANGE
The values of kh, ke, and L used in figure 6 were chosen from the ranges observed in the temperature step-change experiments so that equation (3) accounted for as much of the variation in core temperature as possible. With these parameter choices, the model explained 98%, 99%, and 99% of the variation in core temperature in experiments 1, 2, and 3, respectively. Table 4 summarizes the goodness of fit obtained with these optimal parameters and with the average parameter values. 
